ABSTRACT: Chemical modification of cotton cellulose with the formation of hydroxamic and aldehyde-bisulphite derivatives has been carried out. Sorption properties of initial and modified sorbents are investigated. It is established that a-hydroxycarboxyl groups, which are present in all three kinds of sorbents, form colourless chelate complexes due to the replacement of their protons with an equivalent amount of metal ions. Because of the charge transfer during metal-ligand interactions, coloured chelate complexes are formed. In the aldehyde-bisulphite groups, two singly charged ions (Na + and H + ) are consequently replaced with two equivalents of metal ion resulting in the formation of colourless chelate complexes. Sorption isotherms of metal ions by the samples of native and modified cellulose are well described by the Langmuir model. The maximum adsorption values and Henry's constants are in good agreement with the quantity and nature of cellulose acidic groups.
INTRODUCTION
Sorption of heavy-metal ions by polysaccharide biopolymers is important for various branches of science and technology (food and pharmaceutical industries, medicine, etc.). The cellulosic materials derived from available, affordable, renewable and biodegradable natural raw materials (rice husks, spent grain, sawdust, sugarcane bagasse, fruit wastes, weeds and others) are promising sorbents for heavy-metal ions sorption from aqueous media (Bulut and Tez 2007; Meena et al. 2008a,b) .
However, cellulosic materials demonstrate relatively low kinetic and equilibrium characteristics. Thus, selecting the appropriate treatment method for a polysaccharide material appears to be very important for the development of new sorbents with improved sorption properties towards heavy-metal ions. Various authors (Sato et al. 1983; Shukla and Sakhardande 1990; O'Connell et al. 2006; Vázquez et al. 2009 ) have proposed a variety of mechanical, physical, chemical, biochemical and physicochemical methods for the modification of cellulose polymers. Numerous chemicals have been used for the modifications, which include mineral and organic acids, bases, oxidizing agents, organic compounds, etc. (Demirbas 2008; Ngah and Hanafiah 2008; Bagrovskaya et al. 2010; Zhou et al. 2013) .
The modification is carried out to increase the internal adsorption surface and availability of active groups, as well as for creating new sorption-active sites on the surface of the sorbent. Chemical modification of a cellulose-containing sorbent is a promising method to be used with inexpensive and accessible reagents, which increases the sorption capacity of natural sorbents. Some of the biomass chemical modification methods are delignification, esterification of carboxyl *Author to whom all correspondence should be addressed. E-mail: tatianaenik@mail.ru (T.E. Nikiforova).
and phosphate groups, methylation of amino groups and hydrolysis of carboxylate groups. Chemical modification improves the adsorption capacity and stability of biosorbents (Demirbas 2008; Zhou et al. 2013) .
The study of the effect of functional groups is of great importance for understanding the sorption mechanism of metal ions from aqueous media by cellulose sorbents. At present, there is an urgent need to develop a scientific basis of the directed chemical modification and to deeply understand the sorption mechanism of heavy metals from aqueous media by native and modified cellulose sorbents.
The purpose of this research is to study the peculiarities of a sorption mechanism for Cu(II), Ni(II) and Fe(II) metal ions from aqueous solutions of their sulphates by cellulose and its modified samples that have acidic groups of different basicity and dentate as sorption sites and that are able to bind metal cations by solvation and complexation according to ion-exchange mechanism.
MATERIALS AND METHODS

Chemicals
Metal salts such as CuSO 4 ·5H 2 O, FeSO 4 ·7H 2 O and NiSO 4 ·7H 2 O were used as sources of metal ions; NaIO 4 , NH 2 OH·HCl and NaHSO 3 were used as modifying agents. All reagents used in the experiments were chemically pure.
Biosorbent
Cotton cellulose was taken as a sorbent and boiled with 5% NaHCO 3 solution in order to remove impurities and then dried to constant weight. The moisture content of dried samples of cellulose was 8%.
Batch Experiments
Sorption kinetics was investigated by a method of limited solution volume. To obtain the kinetic sorption curves, the samples of a sorbent (m; 0.1 g) were placed into several flasks filled with 10 ml (vol) of aqueous solution of metal sulphate and kept under stirring at 273 K from 5 minutes to 24 hours. The initial concentration (C 0 ) of metal ions was 1.5 · 10 -4 mol l -1 . The solution was separated from the sorbent by filtration at regular time intervals; the current concentration of metal ions (C t ) was determined by atomic absorption spectroscopy (Saturn-2000 apparatus) .
To obtain the sorption isotherms, the samples of a 0.1-g sorbent (m) were placed into a series of flasks, and the metal sulphate aqueous solution (10-ml portions by volume) was added into these flasks with initial concentrations (C 0 ) ranging from 1.5 · 10 -4 to 5 · 10 -2 mol l -1
. The geterophase sorbent-water solution of the metal sulphate system was used to achieve the equilibrium state at 273 K. The solution was then separated from the sorbent by filtration. The equilibrium concentration of metal ions in solution (C s ) was determined by atomic absorption spectroscopy.
The sorption capacity (A t ) of sorbents at any given period was calculated according to the following formula:
(1)
After establishing the equilibrium in the system, the equilibrium concentration of metal ions in the solution (C s ) was measured, and equilibrium sorption capacity of sorbents (A s ) was calculated as follows:
(2) Sorption degree a was determined using equation (3) (3)
The pH of solutions was calculated using a pH meter. The number of carboxyl groups in the original cellulose molecule was determined by a classical method based on the interaction between acid groups and calcium acetate and by titrimetric determination of the acetic acid evolved. Its content per unit mass was taken equal to the value of the carboxyl group acidity (4) where V NaOH is the volume of NaOH for titration (ml); C NaOH is the concentration of NaOH solution (mol l -1 ) and g is the weight of the sorbent. The content of aldehyde groups in native and oxidized cotton cellulose was determined by iodometric titration. (5) where a is the volume of hyposulphite solution for titration in a control experiment (ml); b is volume of hyposulphite solution for titration in a basic experiment (ml); q is weight of a cotton cellulose (g); n is the normality of hyposulphite solution and E-COH (= 14.51) is the gram equivalent of aldehyde groups involved in the reaction.
The relative error of the experiments was calculated based on equilibrium and kinetic experiments in which each point represents an average value taken from three parallel experiments. The error in determining the concentration of metal ions using the Saturn-2000 apparatus was 3%, and the experimental error did not exceed 10%.
RESULTS AND DISCUSSION
Metal ions are attracted and bound to biomass by a complex process, which comprises a number of mechanisms such as adsorption on the surface and in the pores, ion exchange, surface precipitation, complexation, chelation and entrapment in capillaries and spaces of a polysaccharide network, due to the concentration of metal ions causing diffusion through a cell wall and membrane (Farooq et al. 2010) .
The functional groups present in polysaccharide adsorbents are mainly oxygen-containing groups such as -OH, -COOH and -COO (Demirbas 2008) . In this study, the hypothesis of chemisorption in the form of ion exchange to explain the mechanism of distribution of metal cations in the aqueous solution-cellulose sorbent heterophase system was adopted, with ion exchange occurring due to the presence of carboxyl groups in the sorbent structure.
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The carboxyl groups are present in cellulose as terminal and side groups, and are formed by the oxidation of terminal units of glucose with hemiacetal hydroxyl. Besides, the carboxyl groups may be formed at carbon positions 2, 3 and 6 of the glucose unit of cellulose macromolecules during isolation and purification processes (Figure 1) .
Cellulose is a polyacid capable of exchanging protons in a solution for metal cations.
The pK a (3.83/3.71; Albert and Sergeant 1962) value of carboxylic acids with a hydroxyl group in a position (e.g. as seen in glycolic, gluconic and lactic acids) is in good agreement with literature data for the cellulose polymer [pK α (COOH), 4.0] and allows to consider cellulose and its derivatives as weak acids comparable in strength with carboxylic acids.
(6)
Chemical Modification of a Sorbent
To increase equilibrium and kinetic sorbent characteristics and to explain the sorption mechanism of heavy-metal ions from aqueous media, the sorbent studied was chemically modified by selective oxidation of cotton cellulose with sodium metaperiodate, which involves the formation of dialdehyde cellulose. The periodate ions interact with cellulose without destruction of fibres. The action of sodium metaperiodate on cellulose resulted in the oxidation of two neighbouring alcoholic groups in C 2 and C 3 to aldehydes with the simultaneous rupture of the carbon-carbon bond. A dialdehyde cellulose is thus formed. In this case, however, there is no oxidation of primary alcohol (Klemm et al. 1998) . The conditions for selective oxidation of cellulose were chosen in such a way that the amount of aldehyde groups being formed was almost equivalent to the amount of carboxyl groups in the original cellulose ( Figure 2 Further modification of dialdehyde cellulose was carried out by the quantitative conversion of aldehyde groups as follows:
• Acid treatment of dialdehyde cellulose with hydrochloride hydroxylamine, which results in the formation of dioxime dialdehyde cellulose containing an aldoxime group (-CH = N-OH) and its subsequent oxidation by hydrogen peroxide ( Figure 3 ).
As a result, a hydroxamic modification of cellulose containing a-hydroxycarboxyl (-CHOHCOOH) and hydroxamic (-SONHOH) acid groups in almost equal amounts has been obtained.
• Dialdehyde cellulose was treated with sodium bisulphite solution (Figure 4) , which modifies the aldehyde-bisulphite structure of cellulose, resulting in a structure containing almost equal amounts of a-hydroxycarboxyl (-CHOHCOOH) and aldehyde-bisulphite [-CH (OH) SO 3 Na] acidic groups (Nikiforova and Kozlov 2011). It was found that sorption of metal ions increases with increasing amounts of aldehyde-bisulphite and hydroxamic groups being formed from aldehyde groups. Thus, this should be considered at the selection of the conditions for cellulose modification. However, when the content of aldehyde groups is more than 4%, a sharp increase in hydrophilicity of the modified samples was observed, leading to their strong swelling and partial dissolution. Thus, the optimum content of aldehyde groups was 3.6 wt%, or 1.24·10 -4 mol·kg -1
. The samples of cellulose used are shown in Figures 5-7. 
Kinetic and Equilibrium Characteristics of the Sorbents
The study of sorption kinetics of Cu 2+ , Ni 2+ and Fe 2+ ions from aqueous solutions of their sulphates by cellulose (1) and its modified samples (2) and (3) showed that the equilibrium time in an aqueous solution-modified sorbent system is decreased three times when using modified samples as compared with an unmodified cellulose. The equilibrium time in this case takes only 5 minutes ( Figure 8 ); in addition, the degree of metal-ions sorption is increased by approximately two times and a sorption rate of 86-99% is achieved. The time required for establishing the equilibrium is short, which is due to the highly developed surface of cellulose sorbent with a significantly amorphous structure and high hydrophilicity of polysaccharide chains. The replacement of a part of alcoholic groups in modified cellulose samples with the same quantity of aldehyde-bisulphite groups or hydroxamic acid groups increases the hydrophilic properties and swelling ability of cellulose, both of which intensify the internal diffusion processes and contribute to the decrease in the equilibrium time in heterophase systems. (1, 4, 7), Fe 2+ (2, 5, 8) and Ni 2+ (3, 6, 9) ions from water solutions of metal sulphates by native (7, 8, 9 ) and the modified celluloses (1, 2, 3 with aldehyde-bisulphite groups; 4, 5, 6 with hydroxamic acid groups). To determine the parameters characterizing the maximum sorption capacity of native and modified cotton cellulose, the sorption isotherms for copper, nickel and iron from aqueous solutions of their sulphates were obtained (Figures 9-11) .
Simultaneously, turbidimetry studies were carried out to evaluate the sorption of anions. The results showed the absence of adsorption of sulphate ions, indicating that the samples of native and modified celluloses behave as typical swelling gel cation-exchange sorbents. The sorption isotherms show the peculiarities of the absorption mechanism of heavy-metal ions from aqueous solutions of their salts with both modified and unmodified samples of cellulose. In a number of studies, the sorption isotherms were obtained for heavy-metal ions on cellulose sorbents, such as maize stalk sponge, shells of lentil, wheat, rice, chemically modified aspen wood fibres (Aydin et al. 2008; Huang et al. 2009; Garcia-Rosales and Colin-Cruz 2010) . In a previous study (Huang et al. 2009 ), a change in the slope angle tangent at the initial part of sorption isotherms was observed with the appearance of new functional groups in the sorbent. However, the authors did not discuss this fact.
The differences in the slope of the initial sections of the isotherms and the values of maximum sorption, in our opinion, can be explained by the variety in the number and nature of the functional groups of unmodified (1) and modified (2 and 3) samples of cellulose, which were able to participate in varying ways in a specific solvation. The difference can also be attributed to their varying levels of coordination with metal ions. The maximum sorption capacity (A) has to be in accordance with the amount of (C) and basicity (N) of acidic sorption sites of a sorbent. It allows to estimate A according to the additive scheme A ∞ = S(C i · N i ) with respect to a single charged ion (proton or the equivalent of a multiple charged ion [(1/n) · M n+ ]) for all sorption centres. The amount of acidic groups having different nature in the sorbents being investigated was almost identical and was equal to C 0 (C 1 ≈ C 2 ≈ C 3 ). The basicity of a-hydroxycarboxyl and hydroxamic acid groups for the samples I and II was equal to (N 1 = N 2 = 1) and for sample III, the basicity of aldehyde-bisulphite groups was N 3 = 2. Therefore, for a-hydroxycarboxyl groups, C 0 · N 1 = C 0 ; for hydroxamic acid groups, C 0 · N 2 = C 0 and for aldehyde-bisulphite groups, C 0 · N 3 = 2C 0 . In this case, the calculated equivalent maximum sorption capacity according to the additive scheme for all sorption centres of a sorbent sample will be as follows:
For the original (1) cellulose with a-hydroxycarboxyl groups: A 1 = C 0 ; For the modified (2) cellulose with α-hydroxycarboxyl and hydroxamic groups: A 2 = C 0 + C 0 = 2C 0 ; For a modified (3) cellulose with a-hydroxycarboxyl and aldehyde-bisulphate groups:
In this case, the ratio of the calculated maximum sorption capacities for three samples of sorbents has to correspond to A 1 :A 2 :A 3 = 1:2:3, and it agrees (Figures 9-11 ) with the ratio of the calculated values of maximum adsorption capacities for the samples of cellulose sorbents (A) by the Langmuir model (Table 1 ) based on the experimental data. (7) The sorption isotherms were calculated by considering C s /A = f(C s ) and the linear coordinates of the Langmuir equation were obtained using the least squares method. (8) The result showed the applicability of the Langmuir model (correlation coefficient was 0.98-0.99) for describing the sorption of Ni 2+ , Cu 2+ and Fe 2+ ions from aqueous solutions with concentrations of 1.5·10 -4 to 5·10 -2 mol/l. In addition, the model had sufficient accuracy to define The sorption centres (a-hydroxycarboxyl and hydroxamic groups) of samples I and II are of the same type (basicity is N = 1, dentate is n = 2). In this case, one can expect the same values of Langmuir constants (K I K II ) for these groups. The ratio of tangents of slope angles (tga 1 /tga 2 ) and Henry's constants (K H1 /K H2 ) for an initial (1) and modified (2) cellulose sample should be proportional to the ratio of limiting sorption capacities or to the relation of sums of concentrations of sorption centres in these sorbents, that is, tga 1 /tga 2 = K H1 /K H2 = (K L1 ·A ∞2 )/(K L2 ·A ∞2 ) ≈ C 0 /(C 0 + C 0 ) = 1/2, and this relation has been confirmed experimentally (Figures 9-11, Table 1 ).
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At the same time, the modified cellulose (3) with equal concentrations of sorption centres (that existed in the original cellulose and which were formed in the modification process) is outside this series, because the nature of these centres was different [aldehyde-bisulphite (dibasic N 3 = 2, the bidentate n = 2), α-hydroxycarboxyl and hydroxamic (monobasic, N = 1, bidentate n = 2)].
Besides aldehyde-bisulphite groups, like all polybasic acids, cellulose must also differ significantly in the dissociation constants of the first and second stages:
This fact suggests that ion exchange involving the participation of this group occurs in steps, and so in an initial part of sorption isotherms, this group should act as a monobasic (N = 1) and monodentate (n = 1); in the final section, it acts as a dibasic (N = 2) and bidentate (n = 2).
(10) (11) The contact atoms are the oxygen atoms. It can be assumed that the coordination bonds in their characteristics were almost the same in complex compounds [bidentate monobasic ligand (M 2+ ) 0.5 ]. Specific Langmuir constant for one coordinating bond of the monobasic (N = 1), monodentate (n = 1) group could be taken equal to half of the monobasic, bidentate group [i.e. K 3 (K 1 /2)]. In this case, Henry's constant for the sorption isotherms of metal ions for sample (3) with a-hydroxycarboxyl and a-aldehyde-bisulphate groups on the first step could be estimated according to the following additive scheme:
The mechanisms of sorption of metal ions on a-hydroxycarboxyl, hydroxamic and aldehyde-bisulphite groups of cellulose are given in Figures 12-14 .
This interpretation of ion-exchange sorption mechanism in a-hydroxycarboxyl, hydroxamic and aldehyde-bisulphite groups of cellulose sorbents (1, 2, 3) corresponds to the description of the process by the Langmuir model. It is in good agreement with the expected (based on the structure of the sorption centres), calculated (Langmuir equation parameters, Table 1 ) and experimental (Figures 9-11 ) values of the maximum sorption (A ; ) and the Henry's constants (K H ; tga) for cellulose samples being studied: A 1 :A 2 :A 3; = 1:2:3 and K H1 :K H2 :K H3 = 1:2:1.5.
Slight changes in the quantity as compared with the theoretically expected values based on the structure of sorption centres (including their number, basicity, dentate and the ability to stepwise dissociate) could be explained on the one hand as an error in determining comparable values (A ; , tga), but on the other hand, as some differences in the nature of the sorption centres of the samples before adsorption and in the process of metal-ions sorption as well as due to different results obtained while evaluating the deviation from the Langmuir model. All these results allow to interpret the mechanism of metal-ions sorption from aqueous media by original and modified cellulose as an equivalent ion exchange with the participation of acid groups as sorption centres, and resulting in the formation a colourless or coloured chelate complexes (Figures 15-17 ). In the a-hydroxycarboxyl groups, uncoloured complex is formed (Figure 15 ). Figure 14 . The mechanism of sorption of metal ions on aldehyde-bisulphite groups of cellulose. In the hydroxamic groups, coloured complex is formed (Figure 16 ). In aldehyde-bisulphite (two-step mechanism for substitution), uncoloured complex is formed (Figure 17) .
With equal quantity of functional groups in the original and modified cellulose, the aforementioned sorption processes could be represented as follows (Figures 18 and 19) .
Sorption of copper and iron ions by cotton cellulose on the carboxyl groups was not accompanied by a colour change of the sorbent, while being a sorbent with hydroxamic groups it had chelating properties and formed stable coloured chelate complexes with Fe(II) and Cu(II) ions. The sorbent gets the colour due to the formation of five-membered chelate rings, with the ring atoms forming a complex due to the charge transfer during metal-ligand interactions with the participation of a p-conjugated system between key atoms of the ligand and d-atomic orbitals of the metal ions (Slabaugh and Parsons 1976) .
The colour intensity of cellulose hydroxamic derivatives during the interaction with Cu 2+ and Fe
2+
ions increased with increasing the concentration of metal ions in the 1.5·10 -4 to 5·10 -2 mol l -1 range. Thus, for metal-ions sorption from solutions of their sulphates, the change of colour intensity of the complexes was visually observed depending on the metal concentration in a solution.
For Fe 2+ ions, a visible sorbent colour change was observed at the concentration of metal in the water equal to 5·10 -6 mol l -1
, and for Cu 2+ ions from the concentration of 1.5·10 -4 mol l -1 . Colourless chelate complexes were formed during the incomplete conjugation of the key atoms of chelate ligand ring by inserting >CH-or other molecules into the conjugation chain as in the case of a-hydroxycarboxyl and aldehyde-bisulphate groups.
Thus, the knowledge of the nature, content of functional groups and their characteristics allows to evaluate the possibility of cellulose sorbent chemisorption with respect to ions of different metals in ion-exchange processes. The character of sorption isotherms depends on dentate number, basicity and number of sorption centres. It allows to recommend the modification of cellulose materials for the purpose of extraction of heavy metals from aqueous solutions. Sorbents with polydentate monobasic centres of sorption will be more effective at sorption of d-metal cations from diluted aqueous solutions (initial part of sorption isotherms). Sorbents with equal number of polybasic centres of sorption will be more effective at sorption of d-metal cations from the concentrated aqueous solutions (final part of sorption isotherms). 
Peculiarities of the Adsorption of Heavy-Metal Ions from Aqueous Media by Modified
CONCLUSIONS
Chemical modification of native cellulose was accomplished by the transformation of cellulose alcoholic hydroxyl groups in the second and third carbon atoms into hydroxamic acidic and aldehyde-bisulphite groups, respectively. Dialdehyde cellulose is formed as an intermediate during this modification.
Sorption isotherms of Cu
2+
, Fe 2+ and Ni 2+ ions in the samples of native and modified cellulose are well described by the Langmuir model. The calculated values of maximum adsorption capacity are in good agreement with the experiment, as well as with the amount and basicity of functional groups for the cellulose samples investigated.
In the process of sorption, the functional groups are independent sorption sites, their filling being in accordance with their amount, basicity, dentate and the ability to dissociate.
